As the world\'s increasing demand for energy is going to exhaust traditional energy, it is very important to develop new materials, which can supply sustainable and green energy for future. One kind of promising resolution lies on thermoelectric materials, which reveal the interplay of heat and charge transport[@b1][@b2][@b3]. As we know, spintronics, a new type of electronics, concerns the interplay of spin and charge transport[@b4][@b5][@b6]. Recently, spin caloritronics, the combination of thermoelectrics and spintronics, focusing on heat and spin transport, has attracted a great attention[@b7][@b8][@b9]. A notable recent discovery of spin caloritronics is the observation of spin Seebeck effect by Uchida et al.[@b10][@b11] They found that the spin-polarized currents of spin-up and spin-down, which flow in opposite directions, can be generated only from a temperature gradient, requiring no electrical bias. This remarkable discovery strongly promotes research on new energy of thermoelectricity[@b8][@b9][@b12][@b13][@b14][@b15][@b16].

During the past a few years, Graphene, a quasi-two-dimensional crystal with exceptional electronic properties[@b17][@b18][@b19][@b20], has attracted much attention since the successful fabrication in 2004[@b21]. In particular, zigzag graphene nanoribbons (ZGNRs) are more notable for its potential applications in spintronic devices such as spin-filter[@b22], spin-valve[@b18][@b23], giant magnetoresistance devices[@b24][@b25], etc. Recently, Zeng et al. found that thermally induced spin-polarized currents are generated by applying temperature difference between the source and the drain, both in a magnetized ZGNR[@b9] and a ZGNR heterostructure[@b26]. Their results indicated the possibility of developing graphene-based spin caloritronic devices, and motivated by this, we find a new kind of graphene-based caloritronic devices. A general research of ZGNRs is passivating the edge carbon atoms with hydrogen atoms, which has different hydrogen-terminated patterns[@b27][@b28][@b29][@b30]. Herein we consider a heterojunction of single-hydrogen-terminated ZGNR (ZGNR-H, sp^2^-hybrid) and double-hydrogen-terminated ZGNR (ZGNR-H~2~, sp^3^-hybrid), which could be hopefully fabricated in experiment since the composition of the sp^2^ and sp^3^-like bonds at the edges might be feasible experimentally by controlling the chemical potential of hydrogen via temperature and pressure of H~2~ gas[@b27][@b31]. Up to now, since there are only a few studies on the transport properties of graphene-based heterojunction, which are focused only on bias-induced currents[@b29], this study becomes valuable. We found that thermally induced currents in ZGNR-H/ZGNR-H~2~ heterojunction are obviously enhanced compared with the former graphene-based spin caloritronic devices[@b9][@b26]. Furthermore, the spin Seebeck effect found in this heterojunction is caused by the structure designed and transmission spectrum. As is known, because of the Fermi-Dirac distribution, the carrier concentration gradient depends on the temperature gradient, and the asymmetric spin-polarized transmission spectrum near the Fermi energy is the essential condition for the thermally induced current. In addition, the thermal colossal magnetoresistance effect (CMR) is observed, indicating a better prospect for spin caloritronics device applications.

Results
=======

The heterojunction of ZGNR-H and ZGNR-H~2~ based on 8-ZGNR is shown in [Fig. 1](#f1){ref-type="fig"}. As we know, the ZGNR-H has been reported having a magnetic insulating ground state with antiferromagnetic coupling of spin polarized edge states[@b32], and can be magnetized by applying a sufficiently strong magnetic field, leading to a ferromagnetic alignment of spin polarized edge states[@b24][@b33]. For 8ZGNR-H~2~, we calculated the electronic band structures and the density of states (DOS) for different initial settings of spin configurations: non-magnetic, ferromagnetic, and antiferromagnetic, our numerical results show that finally the non-magnetic state is always obtained. This result is consistent with the consequence that Lee, G. et al. announced in their article[@b28]. Therefore, the magnetic state of the heterojunction can be controlled by an external magnetic field. The thermally induced currents are caused by a temperature difference (ΔT) between the temperature of left electrode (T~L~) and right electrode (T~R~), that is, ΔT = T~L~ − T~R~, without external bias voltage. Simultaneously, we choose the back gate voltage to be fixed at zero, so the carrier concentration and the spin currents are only determined by temperature. In our calculation, the transmission coefficients of the non-magnetic heterojunction are almost zero near the Fermi energy, and the thermally induced current is rather small in antiferromagnetic state. Hence, in this article we will mainly focus on ferromagnetic state of the heterojunction in upward magnetic field.

[Figure 2a](#f2){ref-type="fig"} shows the calculated thermally induced currents versus T~L~ of a magnetized ZGNR-H/ZGNR-H~2~ heterojunction at different ΔT. It can be clearly seen that the spin-polarized currents are generated without any transverse electric field, wherein the spin-up currents are positive while the spin-down ones are negative. This is an obvious spin Seebeck effect since the spin-up and spin-down currents flow in opposite directions, which are generated only from a temperature gradient[@b10][@b11][@b34]. From the curves of spin-up currents, we find there is no threshold temperature, and the spin-up currents increase rapidly at low temperature. It can be obviously seen that the value of spin-up currents are extremely larger than the spin-down ones. The calculated spin polarizations (SPs) of the thermally induced currents reach 90% in a wide range of T~L~, as shown in [Fig. 2b](#f2){ref-type="fig"}. It is notable that the value of spin-up current is quite large and nearly an order of magnitude larger than previous work in graphene-based spin caloritronics without external bias voltage and gate-voltage[@b9][@b26]. In [Fig. 2c](#f2){ref-type="fig"}, it is shown that the spin-up and spin-down currents increase as ΔT increases, predictably, flowing in opposite directions. It\'s interesting that in most part, the currents rise almost linearly. Take spin-up one for example, when ΔT is less than 160K and T~L~ = 250 K, the value of thermal spin-up current is proportional to ΔT (as I\~α ΔT, where α≈1.04 nA/K). When T~L~ = 300 K and 350 K, α is approximately 1.09 nA/K and 1.20 nA/K respectively. These results show that at room temperature, our device show obvious spin caloritronics effects, and the thermal spin-polarized current could be estimated by the temperature difference. Notice that the large temperature differences ΔT displayed here is just to show the trend of the thermal current with the increase of ΔT, since a large ΔT is not feasible experimentally in such a small device at present time. Meanwhile, as ΔT increases, the spin polarization increases rapidly as well (see [Figure 2d](#f2){ref-type="fig"}).

In addition, for the symmetry-inverted situation (T~R~ \> T~L~), although our device is not a full symmetric system, the transport curves only show a slight deviation, which could be neglected in application. Moreover, we can increase spin polarization of the thermally induced currents and obtain pure spin current at room temperature by applying appropriate external transverse electrical bias of the electrodes. For example, when T~L~ is 350 K and T~R~ is 230 K, we can obtain thermally induced spin-up current 0.24 μA and nearly zero for spin-down current with 23.5 mV transverse electrical bias and upward magnetic field.

Finally, we investigate the thermal magnetoresistance of the heterojunction changing from magnetic state (MS, external magnetic field was applied to the device) to the ground state (GS, without any external magnetic field), which can be obtained from the equation MR (%) = (R~GS~ − R~MS~)/(R~MS~) × 100 = \[(I~MS~ − I~GS~)/I~GS~\] × 100[@b35], where I~MS~ and I~GS~ is the total current in the MS and GS state. Seen from [Fig. 3a](#f3){ref-type="fig"}, as T~L~ increases, the MS total currents increase rapidly at first, since the spin-up currents are substantially larger than the spin-down ones although they flow in different directions ([Figure 2a](#f2){ref-type="fig"}), then they remain large but slightly decline because the spin polarizations decrease at higher temperature ([Figure 2b](#f2){ref-type="fig"}); meanwhile, the GS total currents are too small to see and just rise a little at very high temperature ([Figure 3a](#f3){ref-type="fig"}). Therefore, the thermal magnetoresistance effect is very significant in our device. As shown in [Fig. 3b](#f3){ref-type="fig"}, when the electronic state switches from magnetic state to ground state, the MR ratio can be tuned by T~L~, and remains larger than 10^6^% in a wide range of temperature from 80 K to 360 K, and finally drops to 10^3^% when T~L~ = 390 K. We notice that the influence of ΔT is not obvious at high T~L~ (\> 250 K) and the curve trend is almost identical. On the other hand, the MR ratio can also be tuned by ΔT ([Figure 3c](#f3){ref-type="fig"}), which remains large and stable at T~L~ = 300 K, the room temperature. So the thermally induced CMR of the ZGNR-H/ZGNR-H~2~ device can be obtained larger than 10^6^% at room-temperature in our calculations and extremely surpass the conventional metal-based MR devices, applying only a temperature gradient of the electrodes, and both transverse electric field and gate voltage are not needed. Certainly, our calculation is based on an ideal structure and limited by the validity of the Landauer framework, while a real experimental system is guaranteed to have imperfections, so the value of the thermal current and CMR would be affected by the defects. In theory, the electronic transport caused by a temperature gradient would be suppressed by the existence of defects, similar to the situation of bias-controlled transport[@b36]. In fact, compared to most theoretical predictions, the experimental observations of MR are always much smaller[@b24][@b25]. Therefore, although our results could not be taken as real values, they still have some significance for fabricating graphene-based spin caloritronics nanodevices.

Discussion
==========

For further insight into the interesting phenomenon described above, it is necessary to analyze the electron distribution of the left and right electrodes, which differs in the carrier concentration and is determined by the Fermi-Dirac distribution. From Eqn.(1), we know that the spin-dependent current is generated by the combined effects of transport coefficients and the difference of Fermi-Dirac distribution between left and right electrodes. First, let us take a look at the Fermi-Dirac distribution of the left and right leads with different temperatures, which is defined as , where μ is the chemical potential and set to zero in our discussion. From the figure of Fermi-Dirac distribution ([figure 4a](#f4){ref-type="fig"}), we focus on two cases: the first one, carriers (electron) with energy higher than the Fermi level, flow from the left electrode to the right one, because the electron distribution of left electrode is higher than that of the right one, resulting in a negative current; the second one, carriers (hole) with energy lower than the Fermi level, flow also from the left electrode to the right one, since the electron distribution of left electrode is lower than the right one, giving rise to a positive current. If the transmission spectrum is symmetric, the current will be canceled by each other, leading to zero net current. In order to clarify the transport of the carriers, the band structures of ZGNR-H and ZGNR-H~2~ electrodes are calculated and presented in [Fig. 4b](#f4){ref-type="fig"}. One can find that only the π and π\* subbands appear near the Fermi level, either of the left and right electrodes. It has been reported that the transmission channel is open when symmetry of spin subbands of the left and right electrodes matches, and is closed when mismatches[@b19][@b37]. We know that under the yz midplane mirror operation, π subband has odd parity while π\* has even parity of ZGNR-H[@b19][@b24]. However, for ZGNR-H~2~, the parity of π is even and π\* is odd[@b29]. For spin-up transmission, the channel is open in the energy region \[−0.3, 0 eV\] because of symmetry match (both even parity) for the left and right electrodes, while closed in rest region because of symmetry mismatch. Simultaneously, the spin-down channel is open in the energy region \[0, 0.2 eV\] and closed in the rest region, because of the symmetry too. When the Fermi-Dirac distribution is located in the asymmetric spin-polarized T(E), the spin-polarized currents are generated. It is seen from the transmission curve of middle panel in [Fig. 4b](#f4){ref-type="fig"}, the transmission peak of spin-up electron appears at energies below Fermi level, and hence, carriers (hole) can transport from left electrode to the right one, leading to a positive spin-up current. Conversely, the spin-down electrons show transmission peak above Fermi level, and the transport of carriers (electron) cause a negative spin-down current from the left electrode to the right one. As a result, the ZGNR-H/ZGNR-H~2~ heterojunction exhibits the spin Seebeck effect. Since the peak of spin-up transport spectrum is much higher than the spin-down one and closer to Fermi level, the spin-up currents are much larger than the spin-down ones. We notice that the transmission spectra are very close to Fermi level for both spin-up and spin-down electrons, thus no temperature threshold is observed.

Now, let us turn attention to the quantitative analysis of the spin-resolved currents. The current spectra of spin-up and spin-down electrons for three different temperature configurations are shown in [Fig. 4c](#f1){ref-type="fig"}, where the areas covered under the curves associated with X-axis reveal the value of current. Taking spin-up spectra for example, when ΔT is fixed (60K), the peak of the current spectrum at T~L~ = 250K is higher than that at T~L~ = 350K. Nevertheless, the area covered at T~L~ = 250K is smaller. Accordingly, the spin-up current increases as T~L~ increases ([Figure 2a](#f2){ref-type="fig"}). When T~L~ is fixed, the current spectrum and the covered area at ΔT = 100K is obviously larger than ΔT = 60K, resulting in a substantial increasing spin-up current with the growth of ΔT ([Figure 2c](#f2){ref-type="fig"}). Likewise, the spin-down current spectra with smaller values show the same consequence with the spin-up ones.

The origin of CMR is the huge difference between total thermal currents of I~MS~ and I~GS~ in the heterojunction, essentially originating from the different transmission spectra of MS and GS state. Since the temperature configuration is fixed, which means the Fermi-Dirac distributions are identical, the thermal currents of MS and GS state are just determined by transmission spectra. From transmission spectrum of GS state (inset of [figure 3b](#f3){ref-type="fig"}), we find that the spin-up and spin-down transmission spectra nearly coincide with each other and the peaks above and below Fermi level are located at ±0.2 ev. Since the transmission peak below Fermi level is higher than that above Fermi level, the positive hole current is larger than negative electron current, resulting a positive total current I~GS~. From [Fig. 4a](#f4){ref-type="fig"}, we know that the difference of Fermi-Dirac distribution is small when the energy is far from the Fermi level, which is extremely tiny at ±0.2 ev, so I~GS~ is considerably small ([figure 3a](#f3){ref-type="fig"}). Thus, CMR is obtained in our heterjunction, and this perfect thermal CMR effect can be employed to obtain a highly-efficient spin caloritronics devicea low-power-consumption thermal spin valve device.

Methods
=======

Our first-principles calculations are based on the ATOMISTIX TOOLKIT (ATK) package[@b38][@b39][@b40], which adopts spin density functional theory combined with nonequilibruim Green\'s function. The core electrons are described by norm-conserving pseudopotentials, and the local-density approximation (LDA) is used for the exchange-correlation potential. Generalized gradient approximation (GGA) exchange-correlation (xc) functional delivered similar results, while the convergence of LDA is faster and less computation time is demanded[@b41]. A single-polarized (SZP) basis set is used and the cutoff energy is 150 Ry and a Monkhorst-Pack k-mesh of 1 × 1 × 100 is chosen in our work. The spin-dependent current through the system is calculated using the Landauer formula: where f~L(R)~(E,T) is the equilibrium Fermi distribution for the left (right) electrode, and T^↑(↓)^(E) is the spin-resolved transmission defined as where G^R(A)^ is the retarded (advanced) Green\'s functions of the central region and Γ~L(R)~ is the coupling matrix of the left (right) electrode.
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![The schematic illustration of the thermal spin device based on ZGNR-H/ZGNR-H~2~ heterojunction.\
The spin currents are induced by ΔT, the temperature difference between the left electrode (T~L~) and the right electrode (T~R~), that is, ΔT = T~L~ − T~R~.](srep01380-f1){#f1}

![The thermal spin-dependent currents versus T~L~(a) and versus ΔT (c).The spin polarization as a function of T~L~ (b) and as a function of ΔT (d), calculated by SP(%) = (\|I~up~\| − \|I~down~\|)/(\|I~up~\| + \|I~down~\|) × 100.](srep01380-f2){#f2}

![(a) The total spin current as a function of T~L~ in magnetic state (MS) and ground state (GS) respectively. The magneto-resistance (MR) as a function of T~L~ (b) and ΔT (c). The inset of (b) shows the transmission spectrum of the heterojunction in GS state.](srep01380-f3){#f3}

![(a) The Fermi distribution of electrode at different temperatures.(b) Band structure of the left electrode ZGNR-H (left panel) and the right electrode ZGNR-H~2~ (right panel), transmission spectra (middle panel). The dashed lines marked with V(X) illustrate an allowed (forbidden) transition of electron from left electrode to the right. (c) The spin-dependent current spectra for different T~L~ and ΔT. The inset shows a magnified image of the spin-down current spectra.](srep01380-f4){#f4}
